A high-fructose diet (HFD) has been shown to elevate blood pressure (BP) and to decrease insulin sensitivity in rats. Although running exercise can attenuate these phenomena, its effect on target organ protection is not clear. We investigated whether exercise training has renal protective effects in this model. Nine-week-old spontaneously hypertensive rats were allocated to groups that received HFD or a control diet (control group) for 15 weeks. At the age of 10 weeks, fructose-fed rats were allocated to groups that were given vehicle (FRU group), temocapril, an angiotensin converting enzyme inhibitor (TEM group), exercise training (EX group; treadmill running), or temocapril plus exercise training (TEM EX group). BP was higher in the FRU group than in the control group. Exercise training tended to decrease BP and temocapril treatment decreased BP significantly. Proteinuria was similar in the five groups. Plasma leptin concentration and epididymal fat weight were lower in the EX and TEM EX groups than in the FRU group. In the soleus muscle of the FRU group, the composite ratio of type I fiber was decreased and that of type IIa fiber was increased compared with those in the control group. Both temocapril and exercise training restored these ratios. The glomerular sclerosis index (GSI) was higher in the FRU group than in the control group. GSI was decreased equally in the TEM, EX, and TEM EX groups and was positively correlated with plasma leptin concentra- 
Introduction
Rats maintained on a diet rich in fructose or sucrose have been reported to develop insulin resistance (1) (2) (3) . Previous studies have shown prominent glomerular injury in rats maintained on a high-fructose diet (HFD) (4). Cohen et al. suggested that this injury resembles diabetic glomerulopathy and postulated that it was caused by insulin resistance (4) . On the other hand, another study showed only a slight increase in glomerular sclerosis in Sprague-Dawley rats fed fructose for 12 months (5). Insulin-stimulated glucose uptake is enhanced in exercise-trained rats, and the hyperinsulineelevation in blood pressure, the degree of elevation varies among rat strains (2, 11) . Reaven et al. reported that the magnitude of fructose-induced increases in blood pressure and in plasma insulin and triglyceride concentrations was significantly greater in spontaneously hypertensive rats (SHR) than in normotensive Wistar-Kyoto rats (11) . Furthermore, it is well known that hypertension accelerates nephropathy in various models of experimental renal disease (12) (13) (14) . However, data on the long-term effects of fructose or sucrose in SHR are scarce, and the effects of exercise training on renal structure in this model remain to be determined. Therefore, the present study was undertaken to determine the effects of chronic exercise training using a treadmill on the function and structure of the kidneys in SHR maintained on HFD.
Methods

Animals and Treatment
Eight-week-old male SHR (Charles River Japan, Atsugi, Japan) were used for this study. This animal study was approved by the Committee of Animal Care and Use of Tohoku University School of Medicine. All rats were maintained in a humidity-and temperature-controlled room with a 12-h light-dark cycle (07:00 on and 19:00 off) during the study. The rats were fed a standard rat chow (Funabashi F2: 0.19% sodium, 0.75% potassium, 20.8% protein by weight; Funabashi Farm, Chiba, Japan) and had free access to tap water. At the age of 8 weeks, baseline measurements of body weight, systolic blood pressure (SBP), urine volume and urinary protein excretion (UprotV) were performed. At the age of 9 weeks, the rats were divided into two groups. Thirtyeight rats were placed on an HFD (53% of calories from fructose, 0.19% sodium, 0.75% potassium by weight; Funabashi Farm), and 8 rats were placed on a control diet (Funabashi Farm) in which fructose was replaced with cornstarch (control group) (15) . At the age of 10 weeks, fructose-fed rats were randomly allocated to groups that were given an angiotensin converting enzyme (ACE) inhibitor, temocapril (Sankyo Co., Tokyo, Japan), at a dose of 10 mg/kg/day (TEM group, n 10), treadmill exercise training (EX group, n 8), temocapril (10 mg/kg/day) plus treadmill exercise training (TEM EX group, n 10), or vehicle alone as an untreated group (FRU group, n 10). Temocapril was suspended in 0.5% carboxymethlcellulose (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and administered for 14 weeks by daily gavage between 09:00 and 10:00. In the EX and TEM EX groups, rats were subjected to exercise training using a treadmill (KN-73 Tread-Mill; Natsume Industries Co., Tokyo, Japan) operated at a speed of 20 m/min and zero-degree incline for 60 min a day, 5 days a week between 10:00 and 12:00 (15, 16) . Based on a previous report (17) , this intensity of exercise corresponds to 65% of maximal oxygen uptake. For metabolic study, each rat was placed in a metabolic cage designed to prevent feces-urine contact (METABOLICA model ST; Sugiyamagen, Tokyo, Japan) at the age of 8 weeks, after which 24-h urine samples were collected, and water and food intakes were measured every 2 weeks up to 24 weeks of age (12) (13) (14) . Conscious SBP was measured by the indirect tail-cuff method (UEDA UR 5000; Ueda Industries Co., Tokyo, Japan) with heating beforehand (15 min at 37 ºC) between 14:00 and 15:00 (12) (13) (14) (15) (16) . Three measurements were made per session, and the average value was used for analysis.
Blood and Tissue Preparation
At the age of 24 weeks, the rats were decapitated and the blood, kidneys, hearts, soleus muscles and epididymal fat pads were collected. The rats were left without exercise and/or drug administration for 24 h and the chow was removed from the cages 5 h before decapitation. The organs were then removed and weighed. The plasma and serum were obtained by centrifugation and stored at 20 ºC, the soleus muscles snap-frozen on dry ice and stored at 80 ºC until use, and the kidneys fixed in 10% buffered formalin and embedded in paraffin for histological analysis.
Biochemical Measurements
Blood chemistry and urinary chemistry were measured by a standard autoanalyzer technique (SYNCHRON Clinical System CX7; Beckman Coulter Inc., Fullerton, USA). Creatinine clearance was calculated at the age of 24 weeks. Glycosylated hemoglobin (HbA1C) was determined by affinity chromatography (Isolab Inc., Akron, USA) (13) . Plasma insulin and leptin levels were measured by radioimmunoassay kits (Amersham Pharmacia Biotech Inc., Piscataway, USA and Linco Research Inc., St. Charles, USA, respectively) (13, 15) .
Histological Examination
Transverse sections of the soleus muscle were cut at a thickness of 10 µm in a cryostat maintained at 24 ºC and airdried. Muscle fiber types were determined by myofibrillar adenosine triphosphatase (mATPase) staining (18, 19) . Images were captured at 10-fold magnification using a video camera connected to a light microscope. To calculate the proportions of each fiber type (type I, type IIa, or type IIb), 300-400 fibers from each section that had been stained with mATPase were examined (18, 19) . Midcoronal sections of the kidney were cut at a thickness of 3 µm and stained with periodic acid-Schiff (PAS). A semiquantitative score was used to evaluate the degree of renal injury. High-power fields were used to seek evidence of focal sclerosis and to determine glomerular volume. To calculate the glomerular sclerosis index (GSI), 150-200 glomeruli from each section that had been stained with PAS were examined (13, 14, 16) .
The degree of sclerosis in each glomerulus was subjectively graded on a scale of 0 (no change) to 4 (global sclerosis). Then the average of the degrees was calculated and registered as the GSI. Glomerular volume was calculated by using the formula for a sphere (4πr 3 /3) (13, 14) , where r is the mean glomerular radius calculated from 100 glomeruli in each section according to the method of van Damme and Koudstaal (20) . The renal interstitial volume was estimated by the point counting technique (13, 14) according to the method of Bennett et al. (21) with some modifications. Eight portions of renal cortex were randomly selected, and 968 (121 8) points were analyzed in each section. Relative interstitial volume (RIV) was expressed as the percentage of points on the interstitium to the total number of points.
Statistical Analysis
Values are expressed as the means SEM. Intergroup comparisons for biochemical measurements and histological examination were carried out using analysis of variance (ANOVA) with Fisher's probability least significant difference (PLSD) test for post hoc comparisons. For water and food intakes, body weight, SBP, urine volume and UprotV, intergroup comparisons over the study period were made by repeated measures ANOVA with Fisher's PLSD test. Correlations were analyzed by simple regression. A Macintosh statistical package software, StatView 4.5 (Abacus Concepts Inc., Berkeley, USA), was used. Values of p 0.05 were considered statistically significant.
Results
Among the five groups of rats, there were no significant differences in body weight, SBP, or UprotV before the treatments. Over the 16-week study period, the weight gain in the control group was greater and that in the TEM group was smaller than that in the FRU group (Fig. 1 ). There was no significant difference between food intakes in the control, FRU, and TEM groups. Rats in the EX and TEM EX groups consumed more food than those in the FRU group (19% and 17% more, respectively, p 0.01 for both, data not shown). Over the study period, SBP in the FRU group was significantly higher than that in the control group ( Fig. 2A) , and effects of fructose feeding on SBP were evident at the age of 10 weeks ( p 0.001, ANOVA). SBP tended to decrease in the EX group compared with that in the FRU group. Heart rate was decreased significantly in the EX group compared with that in the FRU group ( p 0.05, repeated measures ANOVA, data not shown). There were no significant differences in the levels of UprotV among the five groups over the study period (Fig. 2B) .
Fig. 1. Line graph showing sequential values of body weights in the five groups. Symbols are ( ) control, ( ) FRU, ( ) TEM, ( ) EX, and ( ) TEM EX groups. Each group was treated as shown in
The results of biochemical measurements in the five groups of rats are shown in Table 1 . Although plasma glucose levels were higher in the EX and TEM EX groups, there were no significant differences in plasma insulin, glucose/insulin ratio, index of insulin sensitivity, or glycosylated hemoglobin among the five groups. The blood urea nitrogen level was significantly higher in the TEM and TEM EX groups than in the FRU group. There were, however, no statistically significant differences in serum creatinine or creatinine clearance among the five groups. Plasma leptin concentration was lower in the FRU group than in the control group. Plasma leptin concentration tended to decrease in the TEM group and was significantly lower in the EX and TEM EX groups than in the FRU group. Heart weight was decreased and kidney weight was increased in the TEM and TEM EX groups (Table 2 ). Epididymal fat weight was decreased in the EX and TEM EX groups (Table 2) . A significant correlation of epididymal fat weight with plasma leptin level was found using regression analysis among the individual rats pooled from all groups (r 0.786, p 0.001, data not shown).
In the FRU group, the composite ratio of type I fiber was significantly decreased and the composition ratio of type IIa fiber was significantly increased in the soleus muscle compared with those in the control group (Fig. 3) . Both temocapril and exercise training restored the composition ratios of type I and type IIa fibers to the same levels as those of the control group (Fig. 3) .
Morphological analysis of the kidney revealed that GSI was slightly but significantly increased in the FRU group compared with that in the control group (Fig. 4A) . GSI was significantly decreased not only in the TEM group but also in the EX group compared with that in the FRU group. There were no significant differences in GSI among the control, TEM, EX and TEM EX groups. Glomerular volume was not changed significantly by any treatment (Fig. 4B) . In SHR on HFD, a significant correlation of plasma leptin concentration with GSI was found using a regression analysis (Fig. 5 ).
There was no significant difference in RIV among the five groups (data not shown).
Discussion
In the present study, the effects of aerobic exercise using a treadmill on the function and structure of the kidneys in SHR on HFD were investigated. Chronic fructose feeding elevated blood pressure and induced modest glomerular sclerosis in the SHR. Temocapril, an ACE inhibitor, reduced blood pressure distinctly and ameliorated glomerular sclerosis in this model. On the other hand, exercise training tended to reduce blood pressure and ameliorated glomerular sclerosis to the same extent as did temocapril. Although beneficial effects of 2-week exercise training have been demonstrated in rats on HFD (7), there are no available data on the organ-protective effects of exercise training in this model. We have demonstrated for the first time that chronic exercise training prevents renal morphological changes in SHR on HFD. Beneficial effects of exercise training on the kidneys have been demonstrated in other experimental models. In obese Zucker rats, a model of non-in- 
Fig. 5. Correlation between plasma leptin concentration and glomerular sclerosis index (GSI) in SHR on HFD. Symbols are ( ) FRU, ( ) TEM, ( ) EX, and ( ) TEM EX groups. A correlation of plasma leptin concentration with GSI was evident (r 0.513, p 0.001).
sulin-dependent diabetes mellitus (22) , and in Sprague-Dawley rats made diabetic by streptozotocin, an insulin-dependent diabetes model (23) , exercise training significantly reduced the increase in fractional volume of mesangium. We and another group previously reported that exercise training significantly improved renal function and morphology in rats with subtotal nephrectomy (16, 24) . Conversely, strenuous exercise superimposed on immune complex-mediated glomerulonephritis resulted in worsening of the renal function and structure in rabbits (25) . Therefore, exercise may affect the function of the kidney in different ways depending on the nature of the renal injury.
Cohen and coworkers reported that lesions characteristic of diabetic nephropathy were observed in rats fed fructose and sucrose (4, 26) . Such lesions, however, were not observed in the present study. The reason for the discrepancy between our results and those of the study by Cohen and coworkers is not clear. One possible reason is that they used genetically selected albino rats (4, 26), whereas we used SHR. Most experimental studies on diabetic renal disease have been performed in rats with insulin-dependent diabetes. In those studies, diabetes was induced by administration of streptozotocin (12, 23, 27) . ACE inhibitors prevent the progression of diabetic nephropathy in both animal models and humans (12, 27, 28) .
There are few data on the renal histology in other strains of rats fed fructose or sucrose. Park and Meyer reported that only modest renal injury was observed in Sprague-Dawley rats fed fructose for 12 months (5). Another group reported that fructose feeding for 27 weeks in SHR was not associated with increased proteinuria, decreased renal function, or prominent renal pathological changes (29) . In that study, renal histological changes were minor, as in our results. In spite of the increased GSI in the FRU group, there were no significant differences in UprotV among the five groups. Urinary protein may not have been sensitive enough to reflect the modest glomerular changes in the present study. One factor that could have contributed to the modest increase in glomerular sclerosis in SHR on HFD is elevation of blood pressure. SHR, however, have a relatively low susceptibility to developing glomerular damage compared with other hypertensive strains (30, 31) . Proliferation, migration, and accumulation of mesangial matrix are important biological responses of mesangial cells to injury (32) . Angiotensin II (Ang II) plays an important role in this process (33, 34) . We speculate that temocapril ameliorated glomerulosclerosis through the inhibition of Ang II production in SHR on HFD.
In the present study, plasma leptin level was significantly decreased by exercise training. Furthermore, GSI was positively correlated with plasma leptin concentration in rats on HFD. In cultured glomerular endothelial cells, leptin stimulates cellular proliferation and expression of transforming growth factor-β (TGF-β) (35) . Chronic leptin infusion in normal rats induces proteinuria and focal glomerulosclerosis accompanied by elevated glomerular TGF-β and type IV collagen expression (35) . It is interesting that ob/ob mice, which are leptin-deficient, rarely develop renal disease, whereas db/db mice, which are hyperleptinemic, develop mesangial expansion similar to that of human diabetic nephropathy (36) . Although the plasma leptin level was lower in the FRU group than in the control group, leptin may cooperate with other vasoactive factors such as Ang II and endothelin, which may play important pathophysiological roles in rats on HFD (35, 37, 38) , to promote glomerular sclerosis. Therefore, a decrease in leptin levels due to exercise training may have contributed to the amelioration of the glomerular sclerosis in the present study.
Insulin-mediated glucose uptake, which may be related to muscle fiber composition, differs substantially among muscle groups (39) . Type I fibers are slow twitch fibers, have an abundance of mitochondria, and work oxidatively, while type II fibers are fast twitch fibers, have fewer mitochondria, and use more glycolytic pathways (39) . The former fiber type is more insulin-sensitive than the latter. Type II fibers are further subclassified as type IIa (oxidative/glycolytic) and type IIb (glycolytic) fibers. Our results are consistent with the previous reports that composite ratios of type I and type II fibers were altered in the soleus muscle of rats placed on HFD (18, 19) . In the present study, temocapril restored composite ratios of type I and type II fibers to the same levels as those of the control rats, which is consistent with the previous report (18) . An interesting finding is that exercise training restored the composite ratios of muscle fibers to the same degree as temocapril. Previous studies have demonstrated that the M value, an index of insulin sensitivity, had a positive correlation with the composite ratio of type I fibers and a negative correlation with the composite ratio of type II fibers (18, 19) .
Although there was no significant change in glucose metabolism based on the blood chemistry profiles in the present study, the restoration of muscle fiber composition by the two treatments might reflect improved insulin sensitivity. Our study, however, was not designed to examine the effect of HFD, temocapril, or exercise on the peripheral sensitivity to the action of insulin, which could be evaluated by a euglycemic clamp technique (18, 19) .
Hyperlipidemia has been implicated in the pathogenesis of mesangial expansion in a variety of renal diseases (40) . As old rats have been reported to be refractory to the hyperlipidemic effect of HFD (41), we used young SHR in this study. There was, however, no significant lipid abnormality in the fructose-fed SHR in the present study. It is important to note that there is a discrepancy in the reported plasma insulin and triglyceride concentrations of rats fed fructose or sucrose. Some studies have shown an increase in plasma insulin and triglyceride concentrations (3, 5, 11) , whereas others demonstrated no changes in plasma insulin or triglyceride concentrations (3, 42) . It is also possible that HFD-induced insulin resistance is a transient phenomenon (29) . As exercise training did not change the lipid profile compared with that in the sedentary group, the improved structure of the kidney after exercise training is likely to be the result of other factors. Metabolic and neurohumoral changes associated with aerobic exercise, such as catecholamines, prostaglandins, kallikrein-kinin, and coagulability, may also be responsible for the amelioration of glomerulosclerosis in the trained rats (9) . In the present study, the decreased heart rate in the EX group may suggest a reduced sympathetic nervous tone in this group. Although temocapril and exercise training might have ameliorated glomerular sclerosis through different mechanisms, their renoprotective effects were not additive in the present study. One possible explanation may be that the glomerular sclerosis in the fructose-fed rats was modest and either temocapril or exercise alone offered maximal glomerular protection in this model.
Exercise training did not reduce body weight in the fructose-fed rats in the present study. Furthermore, plasma glucose levels in the EX and TEM EX groups were higher than that of the FRU group. These findings may have been due to the fact that the rats in the EX and TEM EX groups consumed 17-19% more food than did the rats in the FRU group. Rats are known to feed through the night and the chow was removed from the cages on the morning of decapitation. Since the rats were not pair-fed, the influence of food intake could not be adequately evaluated in this study. Nevertheless, as mentioned before, the restoration of muscle fiber composition in the EX and TEM EX groups may suggest improved insulin sensitivity in these groups. On the other hand, epididymal fat weight was significantly reduced in the EX and TEM EX groups compared with that in the FRU group. Studies have shown that physical training generally results in a decrease in body fat (43) . It has also been demonstrated that plasma leptin level is related to the amount of body fat (43, 44) . Actually, in the present study, epididymal fat weight was found to be positively correlated with plasma leptin level. The weight gain of rats in the TEM group was less than that of rats in the FRU group. Such effects of ACE inhibitors on body weight have been demonstrated previously (45) . In summary, chronic fructose feeding induced modest glomerular sclerosis in SHR in the present study. Temocapril reduced blood pressure and ameliorated glomerular sclerosis in this model. Although exercise training was less effective than temocapril in reducing blood pressure, it was as effective as temocapril in ameliorating glomerular sclerosis in this model. In addition to the numerous pharmacological treatments, exercise training may be a useful tool to protect target organs in some diseases. Further investigation is needed to elucidate the mechanisms by which exercise training results in less histological change in the kidneys of fructose-fed rats.
